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A Multiscale Model Based On Intragranular Microstructure:
Influence Of Grain-Scale Substructure On Macroscopic Behaviour Of An IF-Steel During Complex Load Paths
INTRODUCTION
The development of a relevant constitutive model adatped to sheet metal forming simulations requires an accurate description of the most important sources of anisotropy, i.e. the slip processes, the intragranular substructure changes and the texture development. During plastic deformation of thin metallic sheets, strain-path changes often occur in the material resulting in macroscopic effects. These softening/hardening effects must be correctly predicted because they can significantly influence the strain distribution and may lead to flow localization and material failure. The main origin of these effects is related to the intragranular microstructure evolution. This implies that an accurate description of the dislocation patterning during monotonic or complex strain-paths is needed to lead to a reliable constitutive model. This paper focuses on the modelling of collective dislocation processes. The substructure is described taking account of the experimental observations as stress-strain curves and TEM micrographs. Three local dislocation densities, introduced as internal variables in the multiscale model, allow representing the spatially heterogeneous distributions of dislocations inside grains. Rate equations, based on the consideration of associated creation, storage and annihilation, are adopted to describe the dislocation cells evolution. The coupling of the substructure to the critical shear stresses is performed thanks to the concepts of isotropic hardening, latent hardening and polarity. In this paper, a crystal plasticity model coupled with a description of the intragranular microstructural evolution is presented. Five mechanical tests, namely a monotonic loading path, two cross tests and two reverse tests, are sufficient to identify the model parameters. It is shown that each parameter contributes mainly to one feature in the macroscopic plastic material behaviour, without influencing significantly the other softening/hardening effects. Moreover, it is also shown that the model successfully reproduces the dislocation substructures observed in TEM after monotonic deformation, reverse tests and cross tests for crystal with stable and instable initial orientation. It seems that the rotation of the lattice orientation influences on the Bauschinger effect and the transient zone during reverse test.
SINGLE CRYSTAL MODEL
The elastic-plastic single crystal constitutive law written within the large strain framework presented 
The relationship (2) will be expressed by a viscoplastic type regularization
reproducing any time-dependency, in order to avoid combination analysis and to save computing time. The new formulation is written for a single system g:
where k 0 is inversely proportional to the self-hardening term.
In large strain framework, the elastic law is written as:
where C is the four order elastic tensor and σ is the Cauchy stress co-rotational derivative. After some mathematical developments, the slip rate expression becomes:
:
where δ is the Kronecker's symbol and ( )
The constitutive law is described using a tangent operator l linking the nominal stress rate : n l g = & with the velocity gradient g.
The nominal stress rate n & is obtained starting from the Cauchy stress one σ & :
Combining the previous equations, the single crystal incremental constitutive law is obtained: 
INTRAGRANULAR MODEL
In the present model the hardening is described through several dislocation densities and their evolution. This microscopic model, based on experimental observations on BCC grains, is drawn from the works of Peeters [6] . It is assumed that the modelling at this scale captures the most relevant features of the dislocation structures, and therefore, the transient effects observed during changing strain paths can be reproduced adequately.
During plastic deformation, an intragranular microstructure develops, consisting of straight planar dislocations walls and of statistically stored dislocations in the cells. This microstructure is characterized by three dislocation densities (see Figure  1 ). The dislocations stored in the cells are represented by a single dislocation density for the whole slip systems. Two different dislocation densities are associated to six dislocation wall families: the density of immobile dislocations The model produces at most two families of walls, in agreement with experimental observations; the primary family is generated parallel to the {110}-plane of the most active slip system, the second one is constructed in the same way, parallel to the {110}-plane of the second active slip system. The evolution of the three dislocation densities, introduced as internal state variables, are described as the separation into a storage term reflecting the immobilization mechanisms and a recovery term reflecting the annihilation mechanisms. The model distinguishes the evolution of walls created by the current slip processes from the evolution of walls formed by the prior slip activity.
The immobile dislocation density of each current wall i can be calculated by: where R rev is the recovery coefficient of the polarity dislocations responsible for the polarity of the walls due to a reversal of the net flux of dislocations.
A change in deformation path or a rotation of a crystal can lead to the activation of new slip systems. The mobile dislocations form new walls corresponding to the current deformation mode, but also disintegrate the old walls formed by prior slip activity, according to: During reverse tests, a change in deformation path leads to the activation of the same slip system but in the opposite sense. The polarity dislocations stuck at the border of the walls can move easily away and are annihilated by dislocations of opposite sign in cells. There is an increase of the annihilation rate for the randomly distributed cells:
( ) 
where α represents the dislocation interaction parameter, G the shear modulus and f the volume fraction of walls.
SELF-CONSISTENT MODEL
To deduce the polycrystalline behaviour from knowledge of the individual grains one, a selfconsistent scheme is used. Only main lines of this classical approach are presented here, the entire scheme details are developed in [4] and [7] .
The macroscopic behaviour law linking the macroscopic nominal stress rate N & to the macroscopic velocity gradient G by the macroscopic tangent modulus L has the same incremental form than the single crystal one:
The macroscopic velocity gradient and the macroscopic nominal stress rate are given by the volume averages of the microscopic ones:
To define the link existing between the macroscopic and microscopic quantities, fourth order concentration tensors A and B are introduced:
By combining the local behaviour law with (16), (17) and (18) 
MATERIAL PARAMETERS IDENTIFICATION
The adopted constitutive law parameters are presented in Table 1 . They were obtained by fitting the simulated results with five different experimental tests:
• a monotonic shear with shear direction (SD) parallel to rolling direction (RD) ; • two cross tests with different pre-strain of uniaxial traction in RD, followed by simple shear with SD parallel to RD ; • two reverse tests with different pre-strain of simple shear with SD parallel to RD, then simple shear in the opposite sense. The other standard constant material values (Burger's vector, shear modulus, the dislocation interaction parameter, dislocation walls volume fraction and initial critical shear stress on all slip systems) used in the model are reported in Table 2 .
The initial values of the dislocations densities are equal to 1.10 9 m -2 . 
MICROSCOPIC VALIDATION
In Figure 2 (left) a TEM micrograph in a grain of a specimen after a 15% shear test with SD parallel to RD is depicted. The traces of only one pronounced family of dislocation wall can be observed, parallel to the (101) slip plane. Figure 2 (right) shows a TEM micrograph in a grain of a specimen after a reverse test with SD parallel to RD. The traces of two pronounced families of dislocation walls can be observed, ones are parallel to the (011) slip plane and the others are parallel to the (10-1) slip plane. In Figures 3 and 4 , the dislocation density For the simple shear mode, there is only one pronounced family of walls, parallel to (101)-plane, predicted by the model, as it is shown on Figure 3 (up). This result is in agreement with the TEM observation. The polarity dislocation density is low (Figure 3 (down) ) because there is only one pronounced activated slip system and the wall is generated parallel to the plane of this system. For the reverse test, the model predicts the traces of both families of walls (Figure 4 (up) ). The decrease of the dislocation density wd ρ at the beginning of the second loading, not present in the Peeters' simulation results [6] , is due to the progressive activation of the slip systems. During the prestrain, the polarity along the walls is generated, due to the accumulation of dislocations of opposite sign at either side of the walls. During the reversal of the loading, the polarity dislocations are mobilized again and are annihilated with dislocations of opposite sign, leading to a depolarization of the walls. After this transition zone, the walls are polarized again, the polarity dislocations are accumulated at the borders of the current walls. These different steps are depicted on Figure 4 (down). The grain rotation influences the macroscopic effects observed during strain path changes. A grain with stable initial orientation rotates very little during plastic strain while a grain with unstable initial orientation seeks to reach a stable orientation. Figure 5 clearly shows that the crystal with stable initial orientation is softer than the crystal with unstable initial orientation. The crystal with unstable initial orientation leads to a larger Bauschinger effect due to the higher density of polarity dislocations associated to the walls. Figure 6 shows the stress-strain curves obtained by numerical simulations during reverse tests with different amounts of prestain, with the self-consistent model for a polycrystal of a ferritic steel.
MACROSCOPIC VALIDATION
During reverse tests, a drop in shear stress is obtained directly after reversal of the shear. This difference in plastic behaviour is known as the Bauschinger effect. The model correctly predicts this effect as shown in Figure 6 . Moreover, reverse shearing leads to a strain-hardening stagnation, proportional to the amount of preshear. This plateau is also well described by the model. Simulation results for the stress-strain behaviour of an IF steel during monotonic and reverse tests. Figure 7 shows the stress-strain curves obtained by numerical simulations during cross test with the selfconsistent model for a polycrystal of a ferritic steel.
During cross tests, immediately after the strainpath change, the flow stress is higher than that during monotonic deformation at the same accumulated strain. This is called the cross effect. The model correctly predicts this effect as shown in Figure 7 . Simulation results for the stress-strain behaviour of an IF steel during monotonic and cross test.
CONCLUSIONS
It is shown that the model correctly reproduces the dislocation microstructure observed in TEM after different strain paths for crystal with different initial orientations. It is also shown that the initial orientation of the crystal has an influence on the stress-strain behaviour of the single crystal. The self-consistent model allows obtaining results at the microscropic scale in agreement with experimental observations. This model is also able to reproduce macroscopic softening/hardening effects during strain path changes.
